During the course of initial herpes simplex virus (HSV) infection, specific immune responses occur which limit productive viral replication but permit the establishment of a latent viral state. Thus, most infections with HSV appear self-limited but, in fact, the virus persists within the host (3, 37) . Although viral latency is incompletely understood, it is thought that recurrent herpetic infection is a consequence of reactivation of virus latent within host cells (25, 28, 38, 44) . Although HSV disease is rarely life-threatening, its recurrent nature and the associated discomfort cause many patients to seek medical treatment.
One prescription drug, acyclovir, is presently available for the treatment of initial oral and genital herpes. Acyclovir and several experimental antiviral agents are selectively phosphorylated by HSV-coded thymidine kinase (TK). The triphosphate form of acyclovir competitively inhibits the utilization of normal substrates by the viral DNA polymerase and is also incorporated terminally at the 3' ends of growing DNA chains stopping DNA synthesis at that point. Treatment with acyclovir, however, has resulted in the emergence of drug-resistant HSV mutants, some of which are deficient in viral TK (TK-) (6, 8, 35) . The rising incidence of HSV type 2 (HSV-2) genital infections (5) and the increasing use of antiviral agents for the treatment of genital herpes are likely to result in increased human exposure to TK-mutants of HSV-2.
HSV-coded TK is distinct from mammalian cell TK (17) and may facilitate HSV replication in nondividing cells (16) . Because HSVs are neurotropic viruses normally capable of both productive and latent infection in nondividing neural cells, it has been hypothesized that TK-virus may be less neurovirulent than wild-type TK-producing (TK+) strains (11) . For example, HSV type 1 (HSV-1) TK-mutants produce less clinical disease and lower viral titers in neural tissues, and they may be incapable of producing latent ganglionic infection in animal models of nongenital HSV infections (11, 14, 21, 30, 41) . Viral TK therefore would appear to influence HSV neurovirulence. Although acute and subsequently latent HSV-2 infection of neural tissues * Corresponding author.
occurs as a consequence of initial genital infection (29, 33, 36) , the importance of neural infection in initial and recurrent genital herpes is incompletely understood and complicated by the observation that latent virus may also reside in extraneural tissues, such as skin at the site of initial infection (15, 34, 36, 43 Cells and viruses. First-through third-passage rabbit kidney (RK) cells were prepared from the kidneys of 3-weekold, Pasteurella-free, female New Zealand white rabbits (Hazleton-Dutchland Inc., Denver, Pa.) and maintained with Eagle basal medium containing heat-inactivated (56°C, 30 min) fetal bovine serum, penicillin (100 U/ml), streptomycin (50 ,ug/ml), and L-glutamine (2 mM). The preparation of human foreskin fibroblast cells and fetal guinea pig tissue cultures has been previously described (27) . Clarified pools of the Maclntyre strain of HSV-1 (ATCC VR-539), the MS (ATCC VR-540) and 333 (19) strains of HSV-2, and the bromodeoxyuridine-resistant mutant of strain 333 (20) were prepared in RK cells and stored frozen at -70°C. The bromodeoxyuridine-resistant mutant of strain 333 fails to induce detectable TK activity (TK-) in TK-deficient cells but enhances the resident TK activity of biochemically transformed cells (7, 18 (36) . Severity of skin disease, as defined by the area under the lesion score-day curve, was significantly less severe in TK-(333/TK-) infected animals than in either TK+ (333/TK+ or MS/TK+) group (P < 0.05 by Mann-Whitney U test). Skin disease was similar in the two TK+-infected groups.
when virus or the viral genome could be detected within tissues by explant cocultivation or nucleic acid hybridization techniques.
Clinical disease. During the acute infection, animals were evaluated daily for genital skin disease, urinary retention, hindlimb paralysis, and death. The genital skin disease was quantitated under a lesion score system described previously (36) . After recovery from the primary infection, animals were periodically examined for evidence of recurrent vesicular lesions on the external genital skin.
TK assay. HSV isolates were characterized by enzyme assays of cytosol extracts of infected cells and by plaque autoradiography (18, 20, 22, 40) . The plaque autoradiographic experiments were carried out essentially as described by Tenser et al. (40) , except that monolayer cultures of TK-rabbit skin cells [RAB(BU)] (17) in 100-mm petri dishes were used and the cultures were infected with 100 to 1,000 PFU of HSV-2 per dish. Two to three days after infection, cells were labeled for 6 h with [14C]thymidine (3 ,uCi per dish), stained with crystal violet (0.1%), and exposed to X-ray film for 3 to 7 days at -70°C. After development of the films, TK+ plaques showed dark rims due to isotope incorporation, whereas TK-plaques were unlabeled. (Fig. 3) Fig. 4a shows homology between the HSV-2 DNA probe and both HSV-1 and HSV-2 DNA extracted from human fibroblasts. There was no detectable homology for guinea pig cellular DNA, or guinea pig cytomegalovirus (ATCC VR-682) and guinea pig herpes-like virus (ATCC VR-543) DNAs. In the accompanying blot (Fig. 4b) , the probe bound to extracted HSV-2 DNA (positive control) but not to DNAs from uninfected tissue controls. This probe also bound DNA extracted from dorsal root ganglia, external genital skin, and uterine cervix of six infected animals, demonstrating the presence of HSV DNA in the tissues of both TK+-and TK--infected animals.
RESULTS
Because the probe we utilized cannot discriminate the TK+ or TK-phenotypes, the possibility existed that the latent virus in TK--infected animals represented a wild-type revertant. To address this question, latently infected tissues (18, 20, 42) . were finely minced and cocultivated with low passage RK. Latent virus often required up to 6 weeks of cocultivation but was detected in the lumbosacral dorsal root ganglia, external genital skin, and uterine cervical specimens of guinea pigs infected with either TK+ or TK-viruses (Table  2) . HSV isolates were then characterized by enzyme assays of cytosol extracts of infected cells and by thymidine plaque autoradiography. The viruses reisolated from guinea pigs that had been infected with parental TK+ HSV-2 induced high levels of TK activity, but the viruses reisolated from animals infected with the TK-mutant did not have detectable TK-inducing activity in TK-deficient mouse fibroblast [LM(TK-)] cells (Table 3) . A typical thymidine plaque autoradiographic experiment is shown in Fig. 5 . The experiment shows that all of the plaques formed by inoculating TK+ HSV-2 (333) onto TK-RAB(BU) cells incorporated labeled thymidine into DNA, but that none of the plaques formed in the RAB(BU) cells by virus reisolated from the dorsal root ganglia or cervix of TK-HSV-2-infected animals incorporated labeled thymidine into DNA. HSV-2 isolates from five dorsal root ganglia, two cervix, and four genital skin specimens from six guinea pigs infected with TK+ viruses were TK+. Isolates from four dorsal root ganglia, three cervix, and four genital skin specimens from eight animals infected with TK-virus were TK-( Table 2) . dorsal root ganglia and spinal cord. These data imply that in producing genital infection, TK-HSV-2 is less virulent than wild-type (TK+) HSV-2. Similarly, TK-HSV-1 has been reported to have reduced pathogenicity in animal models of herpes encephalitis (11), herpes keratitis (30, 41) , and herpes labialis (21) . Additionally, studies with temperature-sensitive mutants of HSV-2, some of which were TK-, showed that these mutants were less pathogenic in a model of genital infection but also apparently replicated less well in vaginal tissue than did the wild-type parental strain (1) . The mechanism by which virus-coded TK influences the pathogenicity of HSV may relate to reduced virulence in neural tissues (11, 21, 23, 30, 41 (25, 28, 38, 44) . In the past 50 years, both direct and indirect evidence has been amassed to support the suggestion of Goodpasture (13) (34) and the mouse vulvovagina (43) and ear pinna (15) . Our observation that latent virus may also be recovered from external genital skin and uterine cervix after recovery from HSV-2 genital infection suggests that extraneural latent virus may play a role in the pathophysiology of recurrent HSV infection and possibly in the evolution of cervical carcinoma (2, 24 The ability of a TK-HSV mutant to establish a latent infection appears related to whether or not the mutant replicates in neural tissues. Thus, studies in which virus could not be detected in ganglia during acute infection also reported no recovery of latent TK-HSV (14, 23, 30) . In contrast, when TK-virus has been recovered from ganglia during acute infection, as we observed, it has often been possible to demonstrate latent TK-HSV infection (10, 11, 41, 42) . These studies suggest that viral replication at neural sites may be necessary for the establishment of latency.
Although viral TK-is important for replication in neural tissues, it is not an obligatory requirement for establishment, maintenance, or reactivation of latent HSV. For example, Field and Lay (10) have recently characterized latent infections in mice inoculated with an HSV-1 strain that was clinically resistant to acyclovir. They reported that although latency was uncommonly established, latent TK-HSV-1 could be isolated from some ganglia. Similarly, our studies of genital HSV-2 infection of guinea pigs demonstrate that viral TK is not an essential requirement for latent HSV-2 infection in either neural or extraneural tissues. In addition, our data suggest that only low levels of virus replicating in neural tissues are necessary to establish latent infection. Such a hypothesis is supported by the observation that although acyclovir treatment of infected mice reduced HSV replication in neural tissues, the establishment of latent infection was not prevented (9) .
The frequency with which we detected latent TK-virus was higher than that reported by other investigators (10, 11, 41, 42) . Most studies that have explored the role of TK in latency have utilized HSV-1 mutants with eye or skin inoculation of mice (10, 11, 14, 21, 30, 41, 42) . Several factors reported to be important in the establishment of latency may have contributed to the differences between our findings and those of others. These factors include virus strain (12, 31) , route of inoculation (26, 31) , and animal species (32) . A possible explanation for the higher frequency with which we detected latent virus compared with investigators in other laboratories is the difference in methods used to search for virus. We used sensitive DNA hybridization techniques to probe for ISV DNA. Additionally, because TK-viruses do not replicate in nondividing cells as well as TK+ HSV (16) , to facilitate recovery of latent TK-virus, cells in the log phase of growth were frequently added to the flasks used for explant cocultivation. With these techniques, the frequency of detection of latent TK-HSV-2 from guinea pig tissues was similar to that of TK+ virus. Other investigators have reported the recovery of TK+ virus after infection with a TK-HSV mutant (1, 30) . In the present study, however, the enzyme assays (Table 3 ) and plaque autoradiographic studies (Fig. 5 ) demonstrated that the viruses reisolated from the TK-HSV-2-infected guinea pigs had no detectable TK activity and lacked the ability to induce TK activity. Thus, the recovery of latent TK-HSV-2 in our experiments is not attributable to residual enzyme-inducing activity in the TK-HSV-2, the presence of TK+ virus in the virus pools used to infect the guinea pigs, or formation in vivo of TK+ revertants.
These studies suggest that viral replication in neural tissues may play an important role in the pathogenesis of symptomatic HSV-2 genital infection. The absence of viral TK may alter the neurovirulence, and hence the pathogenesis, of acute HSV-2 genital infection, but may affect viral latency only indirectly. Viral TK, however, is not an essential requirement for latent infection in either neural or extraneural tissues.
